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STATIONARITY OF THE CRACK-FRONT FOR THE
MUMFORD-SHAH PROBLEM IN 3D

ANTOINE LEMENANT AND HAYK MIKAYELYAN

ABSTRACT. In this paper we exhibit a family of stationary solutions of the Mumford-
Shah functional in R3, arbitrary close to a crack-front. Unlike other examples, known in
the literature, those are topologically non-minimizing in the sense of Bonnet [Bon96].

We also give a local version in a finite cylinder and prove an energy estimate for mini-
mizers. Numerical illustrations indicate the stationary solutions are unlikely minimizers
and show how the dependence on axial variable impacts the geometry of the discontinuity
set.

A self-contained proof of the stationarity of the crack-tip function for the Mumford-
Shah problem in 2D is presented.
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1. INTRODUCTION AND MAIN STATEMENTS

The Mumford-Shah functional
Hu k) = [Vl +alu= g dos 5K,
Q\K

where g € L>(Q) and u € H*(Q\ K), was introduced in the context of image processing by
Mumford and Shah in [MS89]. The idea is to find, by minimizing the functional J(u, K)
among couples (u, K), a “piecewise smooth” approximation of the given image data g,
together with the location of its edges, represented by the set K. Actually, the concept of
competing bulk and surface energies is much older and goes back to Griffith (see [Gri21]),
whose theory of brittle fracture is based on the balance between gain in surface energy and
strain energy release. This idea translated to the Mumford-Shah functional was exploited
in the now classical variational model for crack propagation by Francfort and Marigo
[FMO98]. We refer to [AFP00, Fus03, Dav05, Foc12, Lem16] for overview references about
the Mumford-Shah functional.

In this article we will take o = 0, § = 1, and will consider local minimizers defined as
follows. Let 2 C RY be open and let (u, K) be a couple such that K C € closed and
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u € HY(B\ K), for all balls B C . We consider the local Mumford-Shah energy in the
ball B given by

J(u, K, B) ;:/ \Vu|? do + HNH(K N B).
B

We are interested in couples (u, K) that are locally minimizing in €2, i.e. such that
J(u, K, B) < J(', K, B)

for any B C € and for any competitor (v’, K’) which satisfies v = v/ in 2\ B and K = K’
in Q\ B. In that case we will simply say that (u, K) is a Mumford-Shah minimizer.

As minimizers are known to be equivalently defined on the SBV space (see [AFP00]),
it is not restrictive to assume K being an (N — 1)-rectifiable set.

It is then classical that any such minimizer will satisfy the Euler-Lagrange equation
associated to the Mumford-Shah functional, which is given for any n € CH(Q)Y by the
equation (see [AFP00, Theorem 7.35))

(1.1) / |Vul*divy — 2(Vu, Vu - Vi) do +/ divEndanN-t =o.
Q K

A couple (u, K) satisfying the equation (1.1) for all n € C}(Q)" will be called stationary
in €.

One of the most famous example of Mumford-Shah minimizer in R? is the so-called
cracktip function, which is known to be the only non-constant element in the list of global
minimizers of [Bon96]. This function plays also a fundamental role in fracture theory.
Namely, we define

Ky =] — 00,0] x {0} C R?

and

wo(r,0) = \/%sin(ﬁﬂ) r>0, 0¢€]—mn .

It has been proved in a famous 250-pages paper by Bonnet and David [BDO1] that the
couple (g, Kp) is a Mumford-Shah minimizer in R?.

Let us notice that the crack-tip is the only singularity where the two competing terms of
the Mumford-Shah energy, the Dirichlet energy and the surface area of the discontinuity
set, scale of the same order. In almost all other singular points the surface area dominates
and makes the successful application of the methods originating from the minimal surface
theory possible.

In contrast, the cracktip singularity is much more delicate and offers many challenging
mathematical questions that are also of great interest regarding to brittle fracture theory
and crack propagation.

While dimension 2 is already well studied, the case of dimension 3 is even more open.
Indeed, it is possible to construct a 3D version of the cracktip function in R3 taking the
vertically constant function defined by

uo(r, 0, 2) == @o(r,0),
which admits as singular set the half-plane

P()I:K()XR.
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By this way one obtains a couple (ug, ), the crack-front, which is a Mumford-Shah min-
imizer in R? (see [Dav05]). Actually, one can do the same construction in any dimensions
but for simplicity in this paper we restrict ourselves to dimensions 2 and 3 only.

A fortciori, as a byproduct of [BDO01], we know that the cracktip function and its 3D
analogue both satisfy the Euler-Lagrange equation (1.1). We shall give here a direct proof
of the latter, without using [BDO01].

Our main interest in this paper is to get some understanding about the dependence
of the function u on the points on the front of the crack in 3D (see [AM15] for a recent
preprint about regularity issues at the cracktip in 2D). We observe the following curious
fact: in dimension 3, there exists a family of stationary couples (us, Pp), which are not
minimizing, and which are arbitrary close to the crack-front function. More precisely we
define

ugs(r, 0, z) == po(r,0) + 0z,

for some parameter 6 € R. The associated singular set is still the half-plane F,. We then
prove the following.

Theorem 1.1. The couple (us, By) is stationary in R3 for any 6 € R, but is minimizing
in R® if and only if 6 = 0.

It is worth mentioning that constructing an example of non-minimizing stationary cou-
ple is rather easy. For instance take a line L C R? as singular set and two constants on
each sides as function, that we denote by uy. It is easy to see that this couple (ur, L) is
stationary, but non minimizing in R2. On the other hand it is a topological minimizer in
the sense of Bonnet [Bon96.

More precisely, the way one usually proves that a line L is non minimizing in R?, is
to cut the line, i.e. considering a competitor of the form L\ B(0, R), for some R large
enough (and find a convenient associated competitor v for the function uy, as well, by use
of a cutoff function).

This competitor is not admissible in the class of topological competitors of Bonnet
[Bon96], since the connected components of R?\ L has been changed. This is why, (ur, L)
remains to be a topological minimizer while it is not a simple minimizer.

According to our knowledge, all the non-minimizing stationary couples that are known
so far are of the same type.

As a matter of fact, unlike the example of (ur, L), the stationary example (ugs, Fp) is
even not a topological minimizer since, in the case of the cracktip, R®\ P is connected
and consequently, the topological condition is trivial. Anecdotally, this would mean that
(us, Py) might be the first known example of stationary non topological-minimizer.

Next, let us restrict us on the boundary of the cylinder

C = Byp(0,1) x [~1,1],

and consider the problem
(1.2) min { / \Vul? dz + H?*(S,) ; u € SBV(C) and u = u; on OC}.
c

It is clear from the SBV theory that the above problem admits a minimizer, and it is
very natural to ask the following

Question 1. Is us a solution of Problem (1.2) for some § #0 ?
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This question can be motivated by a related result by Mora and Morini [MMO01], which
says in some cases that “stationarity implies minimality”. More precisely, the result in
[MMO1] is the following: take a smooth curve K which cuts the unit ball of R? in two
parts and assume that w is a function such that (u, K) is stationary in the ball. Then
there exists a neighborhood of K in which (u, K) is minimizing. The proof uses some
calibration technics.

The statement applies for instance to the simple example mentioned earlier of a line
in R?, with two constants on each sides as function w. This couple is stationary in R2
it is not minimizing in R?, but it is minimizing if one restrict it on a bounded and thin
enough cylinder around K (the thickeness depending on the “jump”, i.e. the difference
of the two constants).

It is then tempting to consider the same situation for the function us. It is even more
intriguing thinking that no one has even proved the existence of a calibration for the
cracktip so far, which means that an analogue of Mora and Morini’s result for a cracktip
situation seems nowadays out of reach by use of similar technics. Subsequently, it might
not be possible to answer to Question 1 by use of a calibration.

On the other hand it is easy to exclude a too large d, namely we prove the following.

Proposition 1.1. If 6 > (/3 — 2 then us is not a minimizer of problem (1.2).

At the opposite, concerning small § > 0, we have the following energy estimate.
Proposition 1.2. Let s(0) := J(us, K5) — minJ. Then s(§) = 0(6%) as 6 — 0.

In a last section we give some numerical results showing what would be the shape of a
minimizer for problem (1.2).

2. STATIONARITY FOR THE CRACKTIP IN 2D

As we said before the stationarity of the cracktip is a direct consequence of [BDO1] but
we shall give here a direct and independent proof.

Proposition 2.1. The cracktip (o, Ko) is stationary.
Proof. Let n € C1(Q)%. Then integrating by parts on Kj gives

/ divi ndH' = n(0) - e;.
Ko

Next concerning the other terms in (1.1), as the integration by parts in the fractured
domain R?\ K is not clear, we consider the Lipschitz domain €2, := R?\ B(0,¢) and we
notice that

lim/ |Vo|2divn — 2(V g, Vo - V) dz = 0.
e—0 B.
Consequently, to prove the Euler-Lagrange equation (1.1) it is enough to prove
2.1) ing [ VigulPdivy — 2( 0. Vigo - V1) d = ~1(0) - e
=0 Jq.
For this purpose we integrate by parts in the Lipschitz domain €). yielding

Vo Pdive = 2 / (0, Vg0 - Vipo)da — / Vol (1) — / Vol (n, )

Qe < KoNoe OB.
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where v in the last integral denotes the inner normal vector, and [|Vo|?]* is the jump of
|Vo|? on Ky. Actually it is easy to check from the very definition of ¢q that [|[Vo|?]* = 0
on K, (the details will be given just below) thus

(2.2) [Vigo|?divy = —2/ <77,V2900-V900>dx—/ Vol *(n, v).
Qe 5 8BE

Indeed, to check that [|[Vg|?]* = 0 we compute |Vig|? in polar coordinates. Let us
denote Cy := \/g so that @9 = Co/rsin(6/2). We get

0 1 .
(23) 5(,00(7”, 9) = Coﬁ SIH(Q/Z).
(2.4 D o, 0) = Con/r < cos(0)2
4) %gpo(r, ) =Co S cos(6/2)
so that
o I 1o |2 ¢
2 _ | Y _ 0
Vool = ‘87’@0 + ’7@9% 4y

In particular it does not depend on 6, the claim is now proven and so as (2.2).
Next, using that ¢y has zero normal derivative on Kj, and is harmonic in €.,

0
2 [ (Vo0 o0 Tn) = 2 [ [Bpoln, Vo) + . Vi Veldz+2 | S0, V)
< e 0B(0,¢)

0
= —2/ (777V2800'V<P0>d$+2/ %Wa Vo).
. 0B(0,c) OV

Then subtracting with (2.2) we finally get

|Vg00|2div7]—2/ (Vo, Vo - V) = —/

[ . 0B(0,¢)

0
Vo (n, ) — 2 / 00 1, o).

0B(0,¢) v

We want to take the limit as ¢ — 0. We treat the two terms separately, beginning with
the first one,

[ el == [ Puew = [ o0 woso).sn@)as
= %g ’ m(g,0) cos(0) + na(e, 0) sin(6)db.

Now as € — 0 we get

2 ™
G

1 n(g,0) cos(0) + na(e,0) sin(0)df  —._so % /ﬂ n1(0) cos(#) + n2(0) sin(6)do

—Tr —Tr
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Next we compute the contribution of the second term, denoting by 7 and —v the
tangential and normal unit vectors on the circle 9B(0, €),

8900 . o
_2/ ay <777V900> - 2/_7r or <na VS00> e db

0B(0,e)
(2.5) _ 2/_ el <<n N2 L, >%>  db.
Then we compute using (2.3) and (2.4),
200 ) 28 = D in0/2) cos(0/2) (), (—sin(®), cos(6)
(2.6) = —Z—gm sin(0) sin(6/2) cos(0/2) + Z—gm cos(#) sin(0/2) cos(0/2)
and

Ty = () (s smio))

2 2

(2.7) = 2—2771 sin?(0/2) cos(0) + 2—807]2 sin?(0/2) sin(#).
Next we use
cos(0/2) = cos(0 — 0/2) = cos(0) cos(0/2) + sin(f) sin(6/2)

sin(0/2) = sin(6 — 6/2) = sin(0) cos(6/2) — cos(f) sin(6/2),
so that adding (2.6) and (2.7) together yields

Do _ Cg ) Cg :
B ——(n, Vo) = 2 sin (0/2) + L sin(0/2) cos(0/2).
Returning to (2.5) we infer that
: 0 Cs : C§ .
ll_r)% —2 /63(0,3) 510/0 (N, Vo) = —7 } 171( )sin®(0/2) + 70772(0) sin(0/2) cos(0/2) do
- Lo / sin2(0/2) do
™ —T

Then from the identity sin?(a) = 2=%22% we deduce that ["_sin®(4/2) df = 7 thus

) 0
g =2 [ S8 ) = 0 (0) = ~(0) e
0B(0,¢e) v
and this finishes the proof of the proposition. O

Using a similar proof in 3D we can prove the following. The details are left to the
reader.

Proposition 2.2. The 3D-cracktip (ug, Py) is stationary.
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3. STATIONARITY FOR Us
We can now verify the stationarity of us.
Proposition 3.1. The couple (us, Py) is stationary for any 6 € R.
Proof. Let n € C}(R?). We already know that ug is stationary, which means

(31) / |Vu0‘2dlvn — 2<VU0, VUO . V77> dr + / diVPO n dHNfl —0.
R3 P

Let us now check the same equality with us in place of ug.
Since us = ug + 0z we have

/ \Vu5\2divv7:/\Vuo|2div77+/52div77:/ |VuolAdivn
R3 Q QO R3

because 1 has compact support thus fR3 div n = 0. In addition, Vus = Vuy + dez thus

(Vus, Vus - V) = (Vug, Vug - V1) + (des, Vug - V1) 4+ (Vug, Ses - V) + 62 (es, e3 - V).

To prove the stationarity of ug, it is enough to prove
(32) / <563, VUO : V77> + <VU/Q, 683 : Vn) + 52<63, e3 Vn)dx = 0.
R3

Let us treat each term separately. We write by n* for k = 1,2,3 the components of 7.
The first term turns out to be

/]R3 (6es, Vug - V) = 5/}1{3 Dptio 00" + Dyup 0.1

Now the latter is equal to zero because n has compact support and d,u, and d,yuy do not
depend on the z variable. Therefore by use of Fubini we can write

§ | Ouugd.m' +0yugd.n* =68 | Oug </ (9277le> dzxdy + 5/ Oy </ 8Zn2dz> dzdy
R? R R? R

R3
which is equal to zero due to the fact that fR O.nfdz =0 for k =1,2.

The second term in (3.2) is

/ (Vug,de3 - Vn) =6 [ (Vuy, Vn3) = (5/ (/ (Vay®o, Vx,yn3>dxdy> dz =0,
R3 R3 R R2

because of the Euler equation for the 2D cracktip.

Finally we get rid of the third term as follows.

/ 6%(eg, e3- Vn) = 62/ o = 52/ (/ azngdz) dxdy = 0.
RS R3 Rz \JR

All in all, we just have proved that us is stationary. [

Let us now give a proof of Theorem 1.1.
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Proof of Theorem 1.1. We already know from Proposition 3.1 that (us, ) is stationary,
and we know by [BDO1] (see also [Dav05]) that it is minimizing for § = 0. Let us prove
that it is not minimizing for 6 # 0. Actually this is a direct consequence of [Lem09,
Proposition 19] but let us give here a simple and independent argument, using the very
standard competitor made by taking, for some R > 0,

K':=(Py\ B(0,R)) UdB(0, R),
and

V= u51R3\B(O,R)~

The minimality of us would imply
/ \Vus|* do + H*(Py N B(0, R)) < H*(0B(0, R)),
B(0,R)

and in particular
FOR? < C'R?,
which is a contradiction for R large enough. 0

Remark 3.1. The competitor constructed in the proof above is admissible in the class
of topological minimizers in the sense of Bonnet [Bon96|, since the topological condition
involves the separability of points in R®\ B(0, R) only, and this separation has not been
changed by our competitor (they all lie in the same connected component, as for the
original set By).

However, we can even get a competitor K' such that R®\ K' is connected by “drilling”
a very small hole on the sphere 0B(0, R).

To see this let us take the point y = (R,0,0) € 0B(0, R) and consider S. = 0B(0, R) \
B(y,¢e). Let us now take the competitor set

K!:=(Py\ B(0O,R)) U S..
As competitor function, we take v. = us in R>\ B(0, R), and
Ve = UsPe

inside B(0, R), where . is a cutoff function defined as

pe =0 inR>\ B(y,2),
ve=1 on B(y,e),

v.| <1 and |Vv.| < €. Now we claim that
/ ]VUE\Q dr — 0 ase — 0,
B(0,R)

and thus, for the same R as above, and for € small enough,
J(K.,ve, B(0, R)) < J(Po, us, B(0, R)).
To prove the claim is suffice to estimate

Ve < C(@2] Vs + 45| Vipe )
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so that

1
/ ’V/Ua|2 S C/ |V’LL6|2 dx + C“UgH%oo(B(QR))/ 5_2
B(0,R) B(y,2¢) B(y,2¢)

< C/ |Vus|* doe + C'e,
B(y,2e)
which goes to 0 when ¢ — 0.

4. STUDY IN A CYLINDER
We now focus on Problem 1.2.

Remark 4.1. Let ug be the crack-front function in 3D. Then [,|Vuo|* du = 2. Indeed,
it suffice to compute fc |Vug|* dz in cylindrical coordinates together with the fact that
fB(O N |Voo(z,y)|*dedy = 1, where ¢q is the 2D-cracktip.

Proof of Proposition 1.1. The proof of Proposition 1.1 follows again from a variant of the
very standard competitor already used in the proof of Theorem 1.1. For any € > 0 small,
we define

C. Z:BQD<O,1—€) X [—1+€,1—€] ccC
K. = (K, \ C.) UC.,
v :U(;]_c\CE.

Testing the local minimality of (us, Kp) in C with this competitor (v, K.) yields

/|vu5|2 de +H2 (Ko N C) g/ Vus|? do + H2(Ky \ Co) + HA(OCL).
C C\C:

Next, using Remark 4.1 and using that

/|VU5|2 dr = / Vo2 dz + 5[C).
C C
we get

4+52101g/ Vsl do + H2(Ko \ C2) + H2(DCL).
C\C.

Letting ¢ — 0 finally leads to

ppeirtdr—4 4 2
2 s
and this finishes the proof of the Proposition. O

We now come to Proposition 1.2. In the rest of this section we will denote by J(u, K')
for J(u, K,C), i.e.

J(u, K) ::/ |Vul*dx + H* (K NC).
C\K

For any § > 0 we denote by (s, K;) a minimizer for Problem (1.2) and we recall that
S((S) = J(u(;, K5> — J(ﬂg,K(;) > 0.
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In this section we prove in particular that s(d) = 0(d?) as § — 0. We first observe the
following easy bound
ot
(4.1) s(6) < 282[C| — 25/ T .

C\K; 97

This follows by simply noticing that (iis — dz, K5) is a competitor for (ug, Py), which is
a minimizer, thus

J(u07 PU) < ‘](ﬂ5 - 5Za KJ)
On the other hand

/ IV (s — 62)2de = / \Va5\2d:c—2/ (Vity, des)d + 52[C),
C\K(s C\f(é C\f((;

_ / |Vﬂ5|2dx—25/ 9% 40 4 520C),
C\I_{g C\K6 az

thus

J(Uo,Po) S J(U57K5)—2(5/ GU(sd +52|C|

C\Kj 82’

_ J(ug,Po)—s(é)—Qé/ 9 4 4 7(c|
C\ K 0z
_ J(uo,Po)+52\C\—s(5)—25/ % 10 4+ 52(C),
ok, 07

so in conclusion we have proved (4.1). Notice that the right hand side of (4.1) would be
equal to zero if us = us.
In what follows we establish a better inequality, as stated in the following proposition.

Proposition 4.1.

(4.2) 5(5) < /C (52

where O(x) is the angle between the normal vector v to the tangent plane T, to K; at point
x, and the vector es.

8%
0z

> dx + /K (|sin(0(z))| — 1) dH?*(z),

Remark 4.2. Notice again that the right-hand side of (4.2) would be zero for us = us.

Proof of Proposition 4.1. By minimality of the 2D-cracktip function, we deduce that for
any zo € [—1,1], fixed, the function (x,y) — us(x,y, 29) is minimizing the 2D-Mumford-
Shah energy with its own boundary datum on 0B(0,1).

Therefore, since (s, K;) is a competitor, we obtain the inequality

/ |V, yus|*dody+H (Pon{z = 2}) < / |V 4yt (20)|Pdady+H (KsN{z = 2})
BQD(O 1) BZD(Ovl)

for all zg fixed.
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Now let us integrate over z and compute

1 1
Tus, Py) — 82C| < / / 1V, s (=) [Pdadyd= + / MUKy N {= = t})dt
~1JBap(0,1)

/|VU5|2 / 8u5
c

= J(us, Ks) —/

/ HY (K5 N {2 = t})dt
6u5

/ H* K(; N{z =t})dt — H2<K5)

8u5

= ﬂwjm—qﬁ—/ /QH]Qﬂ&—ﬂMt?#mw

In other words,

5(8) < &?C| —/c

Next we apply the co-area formula (Th. 2.93 page 101 of [AFP00]) to obtain

aU5

/ HY K5 N {z =t})dt — H*(Ks).

1 —
/ HYKsN{z=1t})dt = / crd™ f(z)dH?(z)
-1 K;
where ¢,d®¢ f(z) is the co-area factor associated to the Lipschitz function

fi(z,y,2) = 2.

To compute this factor we need to identify d5s .
For this purpose we let 2 € K be given and (b1, by) an orthonormal basis of the tangent
plane T, to K;s at point x. In this basis the linear form df is represented by the vector

((b1,e3), (b2, €3)) thus
exd®s f () = v/(br e3)2 + (ba, €5)2 = || Pr, (e3)]]

where Pr, is the orthogonal projection of the vector ez onto the (vectorial) tangent plane
T, at point x. In other words,

cxd" f(2) = || P, (es)]| = | sin(6())]

where 6(z) is the angle between the normal vector v to the tangent plane T, to Kj at
point x, and the vector es. This leads to the inequality

(4.3) SWSKGQ

as claimed in the proposition. O

8u5
0z

)d + /K (Isin(0(x)| — 1) dH(2),

Notice that |sin(6(z))] — 1 < 0 which means that the above inequality looks stronger
than the other one with same flavour just found before (inequality (4.1)). We can now
give a proof of proposition 1.2.

Proof of Proposition 1.2. Since |sin(6(z))| —1 < 0 we deduce from the above proposition
that
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(4.4) s(6) < /c <(52 ) dx.

On the other hand, for all vertical rays R,, which do not touch Ks, i.e. for the
(x,y) € Bap(0,1) such that the whole segment (z,y) x [—1,1] C C\ K, we have

8U5
0z

8U5

0z

52

Rﬁf»y

<0

— Y

because the linear function z — 0z is the (1D)-Dirichlet minimizer on this Ray.
Let us call Good the (z,y) in this situation, and Bad the other ones. Then

T
(z,y) Good J Ry 4

and it follows that the only part which is possibly positive in the right hand side of (4.4)

iS

8U5

8u5 <0

(9U5

so that

(45) / [ e < [ &
(z,y) Bad J Ry y (z,y) Bad J Rz y

Now we invoque the continuity behavior of (us, Ks) as § — 0, coming from the theory
of Mumford-Shah minimizers (see Proposition 8 Section D.37 page 229 in [Dav05]), which
says in particular that K converges to Py as 6 — 0, in Hausdorff distance. Thus there
exists some (9) going to 0 as § — 0 such that the volume of all bad rays is less than (9).
This implies

5(0) < 0(07),

as desired. O

5. NUMERICAL RESULTS

We computed some numerical results in a cylinder using the Ambrosio-Tortorelli [AT92]
approximation functional implemented via the free software Freefem-++.

In Figure 1 we have represented some isovalues of the field ¢ which represents the phase
field approximation of the singular set of a minimizer. We recover the half-plane, which
is the unique solution for the datum uy on the boundary.
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Figure 1: The singular set of the solution with boundary datum u, on 0C.

In Figure 2 we have represented some isovalues of the field ¢ for the datum ugs on the
boundary of the cylinder. Here § = 1/2. The obtained profile of the solution looks like
a twisted half-plane, which indicates that us may not be a minimizer for this boundary

datum. For the recall, the threshold of Proposition 1.1 was 6 > /3 — % ~ 1,537 for which
we know for sure that us is never minimizing. Here we have tested 6 = 1/2 < /3 — 2.
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Figure 2: The singular set of the solution with boundary datum us on 0C with 6 = 1/2.
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